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Objectives. The aim of this study was to determine the concentrations of the photosensi-

tizer (camphoroquinone, CQ) and coinitiator (ethyl-4-dimethylaminobenzoate, EDMAB) that

resulted in maximum conversion but generated minimum contraction stress in experimen-

tal composites.

Methods. Experimental composites were prepared with an identical resin formulation

[TEGDMA:UDMA:bis-GMA of 30.25:33.65:33.65]. Five groups of resin were prepared at var-

ied CQ concentrations (0.1, 0.2, 0.4, 0.8 and 1.6 wt% of the resin). Five subgroups of resin

were prepared at each level of CQ concentration, by adding EDMAB at 0.05, 0.1, 0.2, 0.4 and

0.8 wt% of the resin, resulting in 25 experimental resins. Finally, strontium glass (∼3 �m)

and silica (0.04 �m) were added at 71.5 and 12.6 wt% of the composite, respectively. Samples

(n = 3) were then evaluated for Knoop hardness (KHN), degree of conversion (DC), depth of

cure (DoC) and contraction stress (CS).

Results. There was an optimal CQ and EDMAB concentration that resulted in maximum DC

and KHN, beyond which increased concentration resulted in a decline in those properties.

KHN testing identified two regions of maxima with best overlaps occurring at CQ:EDMAB

ratio of 1.44:0.42 and 1.05:1.65 mol%. DC evaluation showed one region of maximum, the best

overlap occurring at CQ:EDMAB ratio of 2.40:0.83 mol%. DoC was 4 mm. Overall, maximum
CS was attained before the system reached the maximum possible conversion and hardness.

Significance. (1) Selection of optimal photoinitiator/amine concentration is critical to mate-

rials’ formulation, for excessive amounts can compromise materials’ properties. (2) There

was no sufficient evidence to suggest that contraction stress can be reduced by lowering

CQ/EDMAB concentration without compromising DC and KHN.

emy

tration of CQ and that of the coinitiator molecules is known
© 2009 Acad

1. Introduction
Camphoroquinone (CQ) is a widely used photosensitizer that
requires a coinitiator, typically a tertiary amine, to efficiently
initiate the polymerization of light-activated methacrylate
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resin-based materials like dental composites [1]. The concen-
to have a significant effect on polymerization [2,3]. However,
use of a more than optimal concentration may compromise
the esthetics of dental composite restorations due to the
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nfluence of residual, un-reacted CQ molecules. In addition, a
igh CQ concentration may also compromise the overall bio-
ompatibility of the corresponding materials due to leaching
f the excess, un-reacted CQ molecules into the saliva and
urrounding tissues.

On the other hand, a less than adequate concentration
f the photosensitizer results in inadequate polymerization
nd has been associated with poor biocompatibility [4–7], poor
olor stability [8], poor physical and mechanical properties [9],
oor wear resistance [10,11], and potentially early failure of
he restoration. Therefore, it is critical to use the minimum
optimal) concentration of CQ required to cause maximum
olymerization so as to enhance biocompatibility without
ompromising the physical and mechanical properties of the
orresponding material. It is however important to recognize
hat the relative concentration of CQ to that of the amine (i.e.,
Q:amine ratio) required to cause maximum polymerization
f a given polymer system varies depending on the type of
mine [3]. Thus the CQ to amine ratio required for the maxi-
um polymerization of a given monomer system with a given

mine does not apply when another type of amine is used.
It is very important to be aware of the complexity of light-

ctivated polymerization and the impact of external factors
n the kinetics of the reaction. A good match between the
bsorption spectrum of the photoinitiator (e.g., CQ) and emis-
ion spectrum of the light source is critical to the efficient
xcitation of CQ molecules. The CQ molecule in the excited
riplet state upon encountering an amine molecule forms

triplet exciplex that then disintegrates into free radicals
hat initiate polymerization [12]. There is limited time for
he formation of the triplet exciplex (half-life of CQ triplet
s ∼0.05 s), otherwise CQ triplet decays to the ground state
phosphorescence) without formation of free radicals. Other
actors constant (including CQ concentration), the probability
f any encounter of CQ (triplet state) with an amine molecule

s dependent on the concentration and diffusivity of amine
olecules within the system. It is reasonable to expect a point

f saturation beyond which increasing the concentration of
mine molecules at a given (optimal) CQ concentration, or vice
ersa, does not translate into an increase in free radicals or DC
assuming a direct correlation between free radicals generated
nd DC). While ethyl-4-dimethylaminobenzoate (EDMAB) is a
ommonly used amine in commercial dental composites, the
ptimal concentration of CQ and EDMAB required for the max-

mum polymerization of resin composites is still unknown.
Previous studies that have evaluated the effect of photoini-

iator and amine accelerator concentration on polymerization
id not take into consideration the corresponding effects on
he magnitude of contraction stress generated in the poly-

er [2,3]. It is known that polymerization is accompanied by a
eduction in total volume of the material, commonly referred
o as volumetric or polymerization shrinkage. This shrinkage
eads to generation of contraction stress within resin-based
estorations and at their interfaces with the tooth structure,
nd has been associated with microleakage [13–15]. While
here is no proven relationship, microleakage is often asso-

iated with recurrent caries and subsequent failure of the
orresponding restoration [16,17]. It would therefore be desir-
ble to formulate a resin composite in which the CQ and
mine concentration is just sufficient for the initiation of max-
2 0 0 9 ) 994–1000 995

imum polymerization, while generating minimal contraction
stresses. While it is important to keep contraction stress at
a minimum, it is also critical that sufficient cure depth is
achieved. Hence, any attempt to systematically control CQ and
amine concentration to achieve adequate polymerization and
low contraction stresses must also take into consideration the
fact that sufficient cure depth (at least 2 mm) is achieved.

The aim of this study was to determine the minimum
concentration of CQ and ethyl-4-dimethylaminobenzoate
that causes maximum polymerization, minimum contraction
stress and sufficient depth of cure (i.e., DoC of at least 2 mm).
Maximum polymerization was determined as a function of
degree of conversion (DC) and Knoop hardness (KHN), for DC
and KHN are directly correlated with the extent of polymer-
ization of resin composite [18]. It was hypothesized that DC
and KHN will reach a peak value at a given CQ and amine con-
centration (i.e., optimal concentration), and that a reduction in
contraction stress may be achieved by lowering CQ and amine
concentration below the optimum values without causing a
significant reduction in the ultimate KHN and DC.

2. Materials and methods

2.1. Preparation of experimental resin composites

Experimental resin formulations were prepared with
about equal ratios of triethylene glycol dimethacrylate
(TEGDMA), urethane dimethacrylate (UDMA), and bisphenol-
A-glycidyldimethacrylate (bis-GMA) (30.25:33.65:33.65). Five
groups of resin formulations in which the concentration of the
photosensitizer (CQ) was systematically varied as 0.1, 0.2, 0.4,
0.8 and 1.6 wt% of the resin were prepared. Five subgroups of
resin formulations were prepared at each level of CQ concen-
tration, whereby the amine (ethyl-4-dimethylaminobenzoate)
concentration was systematically varied as 0.05, 0.1, 0.2, 0.4
and 0.8 wt% of the resin, making a total of 25 experimental
resin formulations. The inhibitor (4-methoxy phenol) at the
concentration 0.05 wt% of the resin was added to each of the
resin formulations. Finally, experimental resin composites
were prepared by adding silanated strontium glass (Sr, 1–3 �m;
Bisco Inc., Schaumburg, IL) and colloidal silica (OX-50, 0.04 �m;
Degussa, Germany) to each of the resin formulations at 71.5
and 12.6 wt% of the total composite weight, respectively.

2.2. Specimen preparation

The specimens were fabricated in a class II slot cavity
(dimensions = 4.5 mm bucco–lingual at the occlusal, 4.0 mm
bucco–lingual at the gingival, 1.5 mm mesio-distally and
6.0 mm occluso-gingival height) prepared in an extracted
human molar tooth using a #57 carbide bur and a high-speed
hand piece with water as the coolant. The occlusal surface of
the tooth was flattened with a 180 grit belt sander (Surfmet
I, Buehler, Lake Bluff, IL, USA). The cavity was cleaned under
streaming water, air-dried, and a very thin smear of release

agent (petroleum jelly) was applied on the walls of the cavity.
A metal matrix band was placed such that the coronal portion
was level with the height of the crown and secured, apical to
the cavity preparation, with a hemostat. Uncured composite



996 d e n t a l m a t e r i a l s 2 5
Fig. 1 – Schematic diagram of the experimental setup.

was incrementally packed to slightly overfill the cavity, cov-
ered with a clear matrix strip, and leveled to the height of
the tooth by placing a glass slide over the matrix and gently
pressing down until the glass slide was flush with the flat-
tened occlusal surface. The glass slide was removed and the
resin composite was cured from the occlusal surface by plac-
ing the light tip of the quartz halogen light in direct contact
with the Mylar and irradiating for 60 s at 575 mW/cm2 (Fig. 1).
The light tip was centered over the sample by aligning marks
on the tooth (mold) and edge of the light tip. The polymer-
ized samples (n = 3) were stored in light-tight containers for
24 h before being cast in an acrylic ring using metallographic
epoxy (Buehler, Lake Bluff, IL). The specimens were then sec-
tioned midway, occluso-gingivally, with a cut-off saw (Struers
Accutom-5, Copenhagen, Denmark) under streaming water,
wet sanded with 600 grit silicon carbide, and polished with
1000 grit aluminum oxide slurry. Each sample was tested for
both Knoop hardness and degree of conversion.

2.3. Knoop hardness and depth of cure determination

Knoop hardness testing was performed (Kentron Hardness
Tester, Torsion Balance Co., Clifton, NJ) 1 mm below the
occlusal surface, and at 1 mm increments up to 5 mm below
the irradiated surface or until the material was too soft to test.
Testing was performed under 100 g load and a 15-s dwell time
using a 136◦ diamond pyramid indenter. Six indentations (two
in the axial, two in the middle and two in the buccal third of
the sample) were made at each corresponding depth. Depth
of cure (DoC) was defined as the depth at which KHN was
equivalent to 80% of the maximum hardness measured.

2.4. Degree of conversion testing

The same specimens tested for Knoop hardness were eval-
uated for degree of conversion. Thin chips (10–15 �m) of the
cured resin composite were obtained at 2 mm below the
occlusal surface, placed on a KCl crystal and scanned in trans-

mission using micro-FTIR (DS-20/XAD, Analect Instruments,
Irvine, CA, USA) at an 8 cm−1 resolution. The pastes of the
uncured composites were similarly tested. DC was calculated
from the ratio of the C C peak from the methacrylate group
( 2 0 0 9 ) 994–1000

to that of the unchanging C. . .C peak from the aromatic ring,
for the cured and uncured specimens, using standard baseline
techniques [19].

2.5. Contraction stress testing

The contraction stress test used in this study has previ-
ously been described [20]. Uncured resin composite, 0.83-mm
thick (was applied between sandblasted and silane-treated
glass stubs, 5 mm in diameter mounted in a tensilometer (C-
factor = 3, i.e., the ratio of bonded to non-bonded surface area).
Photoactivation of resin composite was done by irradiation
through the top glass rod at the irradiance of 380 mW/cm2

(measured at the top surface of the sample) for 60 s, using a
dental curing light (VIP, Bisco Inc.). The thickness of the resin
composite sandwiched between two glass rods was main-
tained and monitored by a feedback system equipped with
a capacitance probe (Kaman Instruments), with an accuracy
of ±0.25 �m. Contraction force was monitored for 10 min, and
data were acquired at a rate of 0.5 s−1. Maximum stress was
derived by dividing the maximum contraction force by the area
of the glass stub.

3. Results

The variations in KHN at 1–5 mm, and in DC at 2 mm below the
occlusal (irradiated) surface, as well as changes in contraction
stress (CS) as a function of CQ and amine accelerator (EDMAB)
concentration in the experimental resin composite are shown
as contour maps for each property (Figs. 2–4). All contour maps
for KHN at 1, 2, 3, 4 and 5 mm and that for DC at 2 mm below
the irradiated surface show a local maximum indicating the
optimum CQ and amine concentration required to attain max-
imum KHN or DC at the given depth (Figs. 2 and 3). There is
a slight difference in the contour maps for KHN at 1, 2, 3 and
4 mm from that at 5 mm depth. Contour maps for KHN at 1, 2,
and 4 mm show two regions of maxima, one near the center (at
a lower amine concentration) and the other toward the right
border of the contour map (at a higher amine concentration).
Only one (the latter) region of maximum KHN is visible on the
contour map for KHN at 5 mm depth (Fig. 3, middle contour
map). The contour map for KHN at 3 mm depth only shows
a centrally located maximum, which closely corresponds to
the KHN maxima observed at the low amine concentration
for the contour maps of KHN at 1, 2 and 4 mm. It is notewor-
thy that the hardness values in the region corresponding to
second maxima identified at all other depths are within 93%
of the maximum KNH (Fig. 2, bottom contour map).

Taking into consideration the measurement error it is rea-
sonable to assume that a region of KHN values equal or greater
than 95% of the maximum hardness measured is representa-
tive of maximum KHN. Therefore, regions of KHN measured at
1, 2, 3, 4 and 5 mm below the irradiated surface, with hardness
values ≥95% of the maximum KHN detected at the corre-
sponding depth were mapped out and are shown in Fig. 5a.

The maps, precisely drawn to the same scale, were super-
imposed so as to identify a common area of intersection,
representing a universal region of CQ and EDMAB concentra-
tions that resulted in maximum Knoop hardness or nearly
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Fig. 2 – Contour plots on log–log scale for Knoop hardness
at 1 mm (top), 2 mm (middle) and 3 mm (bottom) below the
occlusal surface as a function of CQ and EDMAB
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Fig. 3 – Contour plots on log–log scale for Knoop hardness
at 4 mm (top), 5 mm (middle) and degree of conversion at

‘optimal’ CQ and amine concentrations identified at the sec-
ond region of maxima are applicable to all depths (1–5 mm)
as far as achieving nearly maximum KHN (>93% of maxi-
mum KHN) is concerned. This was not the case for the first
oncentration.

o (≥95% of the maximum KHN) at 1–5 mm depth (Fig. 5a).
hile it is apparent that these areas of maximum hardness

t 1–5 mm, cannot be directly superimposed (i.e., they do not
recisely occur at the same spot) they do tend to cluster within
he same region (Fig. 5a). Thus an oval gray area (Fig. 5b)
ith a concentration range of 0.4–0.8 wt% (0.97–1.91 mol%) CQ

nd 0.18–0.22 wt% (0.37–0.46 mol%) amine was mapped out,
o represent a reasonable estimate of a universal region of
Q and EDMAB concentration that resulted in maximum KHN
t 1–4 mm depth, at the low amine concentration. Taking the
id-point of this region to be the best overlap, then the CQ to

mine ratio that resulted in maximum KHN at the low amine
oncentration was 0.6:0.2 wt% (1.44:0.42 mol%).

A universal area of CQ and amine concentration that
esulted in the second maxima, at a higher amine con-
entration, was also mapped out. This is shown by the

ray semi-circle area, with a concentration ranging from
.36 to 0.60 wt% (0.86–1.06 mol%) CQ, and 0.6 to 0.8 wt%
1.24–1.65 mol%) EDMAB. Again, taking the middle point to
e the best overlap, the CQ to amine ratio in this case
2 mm (bottom) as a function of CQ and EDMAB
concentration.

was 0.44:0.8 wt% (1.05:1.65 mol%). It is noteworthy that the
Fig. 4 – Contour plots on log–log scale for contraction stress
as a function of CQ and EDMAB.
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Fig. 5 – (a). Interposed contour plots of *KHN at 1–5 mm
below the occlusal surface. The gray shaded areas
indicating universal CQ and EDMAB concentrations that
resulted in maximum KHN. (b). Interposed contour plots of
CS (MPa) and DC (%) at 2 mm below the occlusal surface
showing areas of CQ and EDMAB concentration that

a given monomer system can be identified. This enhances the
resulted in maximum hardness.

maximum, observed at the low amine concentration, as max-
imum KHN values at 5 mm below the irradiated surface could
not be achieved at the corresponding CQ and amine concen-
trations. Depth of cure was 4 mm.

Regarding DC at 2 mm, one distinct area of maximum con-
version was identified which was located in a region roughly
identical to that identified as the first maxima (at the low
amine concentration) on KHN contour plots at 1–4 mm depths
(Fig. 3, bottom plot). Considering the mid-point of this region to
be the best overlap, it was revealed that a slightly higher con-
centration of CQ and EDMAB (1.0:0.4 wt% ∼=2.40:0.83 mol%) was
required to cause maximum DC than that observed for KHN (at
the low amine concentration, i.e., 1.44:0.42 mol%). Similarly, a
region of DC values ≥95% of the maximum conversion mea-
sured at 2 mm depth was mapped out (Fig. 5b, bottom plot).
This region in comparison to those of KHN (at 1, 2, 3 and 4 mm)
covers a much wider range of CQ and EDMAB concentrations
that resulted in maximum conversion or nearly so (≥95% of

the maximum DC). It is almost equivalent to merging the two
areas of KHN maxima identified in contour plots for KHN at
1, 2 and 4 mm into one large region. Thus it is reasonable to
( 2 0 0 9 ) 994–1000

say that the CQ and amine concentrations that result into
optimal KHN at 1–5 mm would also enable optimal degree of
conversion at 2 mm.

The contour plot for CS shows one relatively large area of
maximum stress values (Fig. 4). The region of CQ and EDMAB
concentrations that resulted in ≥95% of maximum CS is far
wider than those areas of maxima identified for DC and KHN
and basically encompasses them (Fig. 5b). After merging all the
data for DC, CS and KHN on one contour plot, it is quite evident
that maximum CS was almost always attained before the sys-
tem reached the maximum possible conversion and hardness
(Fig. 5b). However, it must be pointed out that the irradiance
used in the CS tests (∼380 mW/cm2) was lower than that for
the KHN and DC tests (∼575 mW/cm2). This might have sig-
nificantly impacted the kinetics of polymerization for the DC
and CS tests, and therefore making it more difficult to directly
compare the results from the two tests.

4. Discussion

Ideally, the concentration of photoinitiating molecules (i.e.,
photosensitizer and amine accelerator) in light-cured resin-
based systems should be limited to that necessary to cause
maximum monomer conversion. However, previous studies
have shown significant variations in the concentration of pho-
toinitiating molecules (CQ) in dental composites [21,22]. Taira
et al. [21] found CQ concentrations to range from 0.17 to
1.03 wt% of the resin, and Shintani et al. [22] reported a range
of 0.03–0.09 wt% of the dental composite. While these varia-
tions in CQ concentration may be attributed to variations in
the concentration and type of the amine accelerators used in
these systems or to differences in irradiation conditions rec-
ommended for a given system, they are also indicative of non-
standardized initiator concentration in dental composites.

Determination of the optimal (minimal) concentration of
CQ and EDMAB that causes maximum monomer conversion
is key to reducing the concentration of residual photoinitia-
tor and amine molecules and minimizing their subsequent
potential to leach out into the surrounding tissues and saliva
in the case of dental restorative materials. This is a con-
cern because photoinitiating systems are increasingly being
used in the field of tissue engineering where the materi-
als are in intimate contact with highly vascularized tissues
[23–25]. There has been recent confirmation of the possibil-
ity of CQ exposure from resin-based materials [26], evidence
of potential cytotoxicity of leached CQ molecules [27,28]. This
underscores the need for cautious formulation of materials
with the intention to eliminate or, at least, significantly mini-
mize CQ exposure to biological tissues. The current study has
shown that, in regard to the resin formulation and photoinitia-
tor/amine system studied, there is an optimal photoinitiator
(CQ) and amine (EDMAB) concentration that results in maxi-
mum conversion and hardness of the material (Figs. 2 and 3).
It is therefore increasingly apparent that optimal photoinitia-
tor/amine concentrations that result in maximal conversion of
potential for improved biocompatibility of the corresponding
material as incorporation of excessive amounts of the pho-
toinitiator/amine may be avoided.
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The observed increase in degree of conversion and Knoop
ardness values with increasing CQ concentration, at a con-
tant amine concentration is consistent with previous studies
2,3] (Figs. 2 and 3). This increase may be attributed to the
ncrease in CQ molecules available for excitation, resulting in
n increase in concentration of the exciplex that on disinte-
ration generates more free radicals for increased monomer
o polymer conversion. The failure to attain maximum DC
nd KHN values at very low amine concentrations, regardless
f the CQ concentration, was attributed to the amine con-
entration being insufficient to generate adequate exciplex
oncentration, and thus a lower free radical concentration
han was necessary to cause maximum conversion. On the
ther hand, the increase in DC and KHN values with increas-

ng EDMAB at a lower than optimal CQ concentration may
e attributed to the increase in the amine available for the
ormation of the exciplex complex.

Yoshida and Greener [2] studying the effect of CQ and
-(N,N-dimethyl-amino)ethyl methacrylate (DMAEMA) on DC
howed that there were several combinations of CQ and amine
DMAEMA) that would produce maximum DC. Principally,
his is in agreement with our findings that also show that
here were several combinations of CQ and amine (EDMAB)
hat resulted in optimal conversion and Knoop hardness
Fig. 5). Precise agreement in terms of number of mole of
Q to amine necessary to cause maximum DC would not
e expected given the differences in resin formulations and
ype of amine accelerators used in the two studies. While
oshida and Greener’s [2,3] study suggested a plateau in DC
fter optimal CQ and amine concentrations were attained,
ur study shows a tendency for a decline in DC or KHN
eyond a certain point above the optimal CQ–amine concen-
rations (Figs. 2 and 3). This is critical to materials design as
ncorporation of more than the optimal concentration of the
hotoinitiator and amine concentration in the material may
ot only jeopardize chances of achieving maximal conversion
ut also increase the concentration of residual photoinitiator
nd amine molecules, further compromising the biocompati-
ility of the material.

The reduction in properties, more evident in KHN than in
C, when CQ concentration was increased beyond the opti-
um value may be attributed to yellowing of the material due

o the high CQ concentration that might have impeded light
enetration. This absorption of light in the effective wave-

ength by CQ molecules in the superficial regions filter the
ight being transmitted to deeper layers [1] and may effectively
ower the properties of the material. It is also probable that this
eduction in KHN and DC was due to the decrease in effective
oncentration of free radicals as a result of self-annihilation
f initiator radicals. Self-annihilation, the reaction between

nitiator radicals, is expected to increase with the increase in
hotoinititor concentration in the system due to a higher sta-
istical probability of initiator radical collision. This implies
hat a certain percentage of the total free radicals generated
re trapped at their site of production by undergoing self-
nnihilation instead of contributing to the polymerization

rocess. In other words, a high CQ and amine concentration
ay result in the generation of very high concentration of

ree radicals, of which only a fraction may participate in the
olymerization reaction.
2 0 0 9 ) 994–1000 999

The observation of two regions of optimal CQ/EDMAB con-
centrations that resulted in maximum KHN, one at a low
and the other at a high amine (EDMAB) concentration, was
unexpected. The best overlaps (mid-point) of the two regions
identified at CQ:EDMAB of 1.44:0.42 and 1.05:1.65 mol% at
the low and high amine concentrations, respectively, showed
rather significant variations. The fact that only the CQ/EDMAB
concentrations at a high amine concentration (i.e., CQ:EDMAB
ratio 1.05:1.65 mol%) resulted in maximum hardness at 5 mm
implies that that may be a more preferable concentration for
this particular resin formulation. This would particularly be
relevant to resin-based dental materials where achieving max-
imal cure depth is critical. Another important consideration
would be the relative toxicity of CQ in comparison to EDMAB,
and the specific application of the material. If EDMAB toxicity
is more of a concern than that of CQ, and yet the photoinitiator
system is to be used for a resin system applied in thin layers,
then choice of CQ:EDMAB of 1.44:0.42 mol%, identified at a low
amine concentration would be justified. The DoC of this exper-
imental composite was 4 mm, in which case this particular
CQ:EDMAB ratio may as well be applicable.

In regard to dental composites, it is also essential to eval-
uate the impact of the concentration of CQ and EDMAB on
the magnitude of contraction stresses generated within the
material, due to the close association of CS with marginal leak-
age and its relevancy to the clinical success of the material
[13,29,30]. It is important to note that sample configuration
as well as the irradiance used in evaluating the effects of CQ
and EDMAB concentration on CS was different from that for
DC and KHN. Our interest was to monitor the trend in CS
changes as a function of CQ and EDMAB concentration and
to examine its correlation with DC and KHN. As would be
expected and evidenced by the results, the magnitude of CS
increased with DC (Figs. 3 and 4). This is indicative of more
complete monomer to polymer conversion, and in agreement
with a recent study that also showed that increasing the ini-
tiator (benzoyl peroxide) and amine concentration increased
the final shrinkage-strain values [31].

Overall, the variations in DC, CS and KHN as a function of
CQ and EDMAB concentration followed roughly a similar trend
(Figs. 2–4). A close examination of the data reveals that (i) CS
cannot be reduced by lowering the CQ and EDMAB concentra-
tion below the optimal levels, determined at the low amine
concentration, without compromising DC and KHN and (ii)
even at the high amine concentration that resulted in the sec-
ond KHN maximum, it also seems very unlikely that CQ and
EDMAB concentration can be lowered as to reduce CS with-
out compromising DC and KHN. Apparently, these findings do
not support the hypothesis that CQ and EDMAB concentra-
tions may be lowered below the optimum levels as to reduce
the contraction stress generated within the material with-
out significantly affecting its degree of conversion and Knoop
hardness.

5. Conclusions
There are several combinations of CQ and EDMAB con-
centrations that produced optimal polymerization of the
studied experimental resin composite. Maximum hardness
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could be produced at a CQ:EDMAB ratio of either 1.44:0.42
or 1.05:1.65 mol%. DC was optimized at a CQ:EDMAB ratio of
2.40:0.83 mol% quite similar to that identified at the first maxi-
mum for the KHN tests, in terms of molar ratios. While optimal
photoinitiator and amine concentrations that cause maxi-
mal conversion of a given resin system can be identified, the
absolute values may vary depending on the material property
studied. Nevertheless, it is necessary to conduct systematic
studies to identify the optimal photoinitiator and amine con-
centrations, as usage of concentrations beyond the optimal
level not only compromise the materials properties but also
may impact its overall biocompatibility due to a higher con-
centration of residual initiator/amine molecules.

Contraction stress and DC tracked very closely, but it is
unlikely that CQ and EDMAB concentrations could be adjusted
as to lower CS without significantly impacting conversion and
Knoop hardness of the material.
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